Spin-valve devices have been the subject of intense study over the last few years as they hold the promise of realizing the next-generation of magnetic random-accessmemories (MRAM) [1] [2] [3] , magnetic sensors 4, 5 and novel programmable logic devices 6, 7 .
In the most common situation the non-magnetic spacer in a spin-valve is a wide-gap oxide, usually Al2O3 [8] [9] [10] or MgO [11] [12] [13] [14] [15] . Recently, 2D materials, with atomically-thin layers, have been proposed as useful nonmagnetic spacer layers in spin-valve devices. [16] [17] [18] Soon after such predictions, graphene [19] [20] [21] and Boron Nitride 22 (BN) were exploited as the tunnel layers in magnetic tunnel junctions (MTJ) producing considerable tunnel magnetoresistance (TMR) signals with good stability.
In contrast to graphene and BN, which are respectively a metal and a wide-gap semiconductor, the emerging transition metal dichalcogenides (TMDs) family displays a large variety of electronic properties ranging from semi-conductivity to half-metallic magnetism, to superconductivity 23 . As exemplary representative of the TMDs, MoS2
has a tunable bandgap that changes from indirect, 1.2 eV, in the bulk to direct, 1.8 eV,
for monolayers, yielding conventional semiconducting characteristics [24] [25] [26] [27] [28] [29] [30] . However, there are only a few experimental studies on the vertical transport properties of MoS2 such as the resonant tunneling 31 . As the adjacent layers in 2D material crystals are weakly bound through van der Waals interactions, the weak interlayer coupling and wave function overlap produce relatively poor conductivity in the vertical direction 23 .
A giant spin splitting induced by spin-orbit coupling was also found in monolayer MoS2
due to the loss of the inversion symmetry of the bulk compounds, which tends to stabilize the spin polarization in the out-of-plane direction 32, 33 . Importantly, theory predicts that MoS2 can produce reasonable magnetoresistance when sandwiched between two Fe electrodes owing to the efficient spin injection 18 , thus rendering the possibility of realizing tunable spin-valve devices based on 2D-TMDs. Despite the extensive theoretical efforts, such proof-of-concept devices remain unexplored experimentally.
In this paper, we report on the first fabrication and characterizations of MoS2- We may analyze the obtained MR by using a simple injection and diffusion model 37 . In conventional MTJ devices, assuming the conservation of the spins in the tunneling process, the Julliere's model 38 has been often used to describe the tunnel magnetoresistance with
where P1 and P2 are the electron spin polarizations of the two FM metals. In the case in which the interlayer is conducting, i.e. the process is not tunneling-like, the current polarization, P1, decays as exp(− / ), 37 where z is the diffusion distance along the normal direction and λS is the spin diffusion length in the nonmagnetic interlayer. Thus the MR can be approximated as
where d is the length of the characteristic diffusive trajectories of the electrons, which could be roughly estimated to be on the same order as the thickness of the monolayer MoS2. As d is far less than λS, the surviving probability, exp(− / ) ≈ 1. Assuming that P1 ≈ P2 = P as suggested by the fact that the two electrodes have the same nominal composition, then the polarization, P , of the two Py electrodes is estimated to be ~ 4.5%. Figure 2c shows the MR amplitude versus temperature. As expected, the MR ratio decreases from 0.4% at 10 K to 0.2% at 240 K. The MR reduction at elevated temperature can be attributed to many possible reasons such as impurity scattering and thermal smearing of the electron energy distribution 39 . Similar spin-valve signals have also been obtained in other devices with identical device structure, evidencing a good reproducibility (see supplementary Figure S2 ).
Since the bottom Py electrodes are exposed to air during the fabrication process, surface oxidation of the Py is inevitable. In order to circumvent this issue, we have redesigned the junctions stack by looking at the following architecture Py/MoS2/Au/Py/Co. Here, a very thin capping layer of Au (~ 2 nm) was in-situ sputtered over the Py to prevent surface oxidation. The R-T curve of the junction also exhibits a metallic behavior (Figure 3a) , and the I-V curves are still linear (Figure 3a inset). This suggests that the Au layer does not change much the overall resistance. As expected, the MR increases to 0.73% owing to the absence of an oxide layer on the Py electrodes. The associated spin polarization, P, of the FM/MoS2 surface is also improved to 6.2%. In order to rule out the possibility of being the Au capping layer to determine the MR, we have fabricated a control device with Py/Au/Py/Co structure, i.e.
without sandwiching MoS2 between the top and bottom electrodes. As shown in Figure   S1c of the supplementary information, the control sample does not exhibit apparent spin valve signal, pointing to the fact that the spin filtering effect originates exclusively from the MoS2 monolayer. Finally, the magnitude of the MR decreases from 0.73% at 20 K to 0.2% at 120 K (Figure 3b) , similarly to what found for the sample that does not include the Au capping layer.
The decrease of the MR magnitude with temperature ( Figure 3c ) is analyzed by fitting the data to the Bloch's law, where the spin polarization is described by ( ) = 0 (1 − 3/2 ). By substituting P1 and P2 in equation (2) Here, we note that MoS2 monolayers are known to have vacancies in the S layers 41, 42 , which might act as active scattering centers. As a consequence, the injected electrons can get scattered in the spacer layer and the spin polarization of the current is usually reduced. Inelastic scattering events from phonons or magnons will also generally reduce the polarization of the current. Therefore, while we expect the ballistic In conclusion, we have demonstrated a spin-valve effect in monolayers MoS2
sandwiched between Permalloy electrodes. The effect persists up to 240 K with a moderate MR. We anticipate that a much larger MR could be realized through optimizing the interfaces and by incorporating multi-layer MoS2 spacers. Alternatively one can use other TMDs materials, such as WSe2, as spacer. We are confident that our results will pave the way for further TMDs-based tunable nanoscale spintronic devices.
Methods
Monolayer MoS2 is grown in a CVD tube furnace by using high-purity molybdenum and sulphur as the source materials, similar to a previous report 43 . The bottom electrodes were fabricated by e-beam lithography (EBL). The matrix of lines as shown in Figure 1d are designed to increase the successful rate in the following MoS2 transfer process. Subsequently, Py/Co electrodes were deposited by magnetron sputtering without breaking the vacuum. After removing it from the chamber, the substrate was directly immersed into acetone for lift-off. Then the monolayer MoS2 was quickly transferred onto the bottom electrodes. All these process had to be as quickly as possible to avoid oxidation of the Py layer. Finally, the top electrodes were fabricated by another run of EBL and metal deposition process. Prior to the measurements, the devices were annealed at 380 K for two hours in vacuum to remove interface molecules between MoS2 and ferromagnetic metal electrodes.
Transfer methods
We spin-coated a very thick layer of PMMA onto Si/SiO2 substrate, which has a large amount of monolayer MoS2 on top. The process was repeated several times to make the PMMA layer thick enough so that the polymer could be picked up directly by tweezers. Then we separated the polymer from the substrate by etching in a 30% KOH solution to make a suspended PMMA layer with MoS2 underneath, and washed it using deionized water. Before transferring the polymer onto the prepared bottom electrodes,
we put a droplet of isopropyl alcohol (IPA) on the chip to make the PMMA lie on the substrate unfolded. After drying the chip by the hotplate, the PMMA was finally removed by acetone, resulting in a chip containing FM/MoS2 device structure.
Computational Methods
First-principles transport calculations were performed using the SMEAGOL code [44] [45] [46] , which interfaces the non-equilibrium Green's function formalism with density functional theory as numerically implemented in the SIESTA package 47 . Normconserving pseudopotentials are used to describe the core electrons, and a double-ζ polarized basis set is employed. The local density approximation (LDA) to the 
